Stopped-flow fluorimetric studies at 37°C have shown that ADP, at optimal concentrations, can evoke Ca2l or Mn2" influx in fura-2-loaded human platelets without measurable delay. In contrast, the release of Ca2" from intracellular stores is delayed in onset by about 200 ms. By working at a lower temperature, 17°C, we have now shown that the rise in cytosolic calcium concentration ([Ca2+]1) evoked by ADP in the presence of external Ca2" is biphasic. The use of Mn2" as a tracer for bivalent-cation entry indicates that both phases of the ADP-evoked response are associated with influx. The fast phase of the ADP-evoked rise in [Ca2+]i, which occurs without measurable delay at both 17°C and 37°C, is consistent with Ca2" entry mediated by receptor-operated channels in the plasma membrane. The delayed phase, indicated by Mn2" quench, is coincident with the discharge of the intracellular Ca2" stores. Similarly, blockade of the early phase of Ca2' entry by SK&F 96365 further delays the second phase. It is suggested that a pathway for Ca2' entry which is regulated by the intracellular Ca2+ store exists in platelets. This pathway operates alongside, and appears to be modulated by the activity of, other routes for Ca2' entry into the cytosol.
INTRODUCTION
We have previously used stopped-flow fluorimetry to show that ADP, at optimal concentrations, evokes Ca2+ influx in human platelets without measurable delay [1] . Mn2+ entry shows similar kinetics [2] . Recently we have demonstrated ADP-evoked single channels in human platelets, using the patch-clamp technique [3] . ADP evokes single channel activity in cell-attached membrane patches when present in the pipette-filling solution, consistent with the channel being receptor-operated (M. P. Mahaut-Smith, S. 0. Sage & T. J. Rink, unpublished work). These channels are permeable to Na+ and Ba2+ and could underly the rapid ADP-evoked bivalent-cation entry.
There is also a contribution to ADP-evoked rises in
[Ca2+]i arising from the discharge of intracellular Ca2+ stores [4] . This intracellular release of Ca21 is slower in onset than ADP-evoked Ca2+ influx, being delayed by about 200 ms [1] .
In some non-excitable cells, it has been suggested that the intracellular Ca2+ stores may regulate a pathway for Ca2" entry [5] [6] [7] [8] [9] . Evidence for this influx pathway comes from the finding that stores depleted by agonist stimulation in the absence of extracellular Ca2+ may be replenished on exposure to Ca2 , in the absence of agonist, without a rise in [Ca2+] i. In endothelial cells the rate of Mn2+ entry has been shown to correlate with the degree of filling of the store [7] .
We have now investigated whether or not the discharge of the intracellular Ca2" stores in platelets is associated with the generation of Ca2" influx. Using Mn2" as a tracer for bivalent-cation entry [2] , we have obtained evidence for an influx pathway in platelets which appears to be activated by discharge of the intracellular Ca2" store. This store-regulated pathway is largely obscured by the rapid receptor-operated Ca2" (or Mn2") entry at 37°C, but has been clearly resolved at 17 'C.
EXPERIMENTAL Preparation of cells
Fura-2-loaded platelets were prepared as previously described [10] . Briefly, platelet-rich plasma was incubated for 45 min with 3 ,tM-fura-2/AM. The cells were collected by centrifugation and resuspended in a Hepes-buffered saline containing 145 mM-NaCl, 5 mM-KCI, 10 mMHepes, 1 mM-MgCl2, 10 mM-D-glucose, pH 7.4, at 17 'C or 37 'C as appropriate. Apyrase (20 ,tg/ml) was added to prevent activation or desensitization by residual traces of ADP. To allow the study of primary agonist-evoked effects, without the complication of secondary effects owing to generation of prostaglandin endoperoxides and thromboxanes, the platelet-rich plasma was treated with 100 ,yM-aspirin before dye loading. Before experimental manipulations, I mM-CaC12 and/or 50 /IM-MnCI2 were added as appropriate. Vol. 265 Stopped-flow fluorimetry
The kinetics of fluorescence change from fura-2-loaded platelets were investigated by stopped-flow fluorimetry as previously described [1] . Briefly, a Hi-Tech Scientific SFA-II Rapid Kinetic Accessory was mounted in a Perkin-Elmer MPF-44A spectrophotometer. Dyeloaded cells were injected through one port and the agonist solution through the other. The two solutions were conveyed separately to the mixing chamber, which was mounted in the fluorimeter light path. The tubes carrying the solutions from syringes to the mixing chamber passed through a flexible jacket, the temperature of which could be controlled as appropriate by a water circulator. The syringe pistons were moved when a pistonbar was pushed manually, and 200 ,ul of each solution entered the chamber before flow was stopped by the stopping syringe piston meeting a stop bar. The amplified signal from the fluorimeter was recorded directly, bypassing the normal damping circuits to improve response time. The signal was fed to the analogue input port of an Acorn BBC microcomputer, and scans of 500 samples taken at 10 ms intervals were recorded when the stopping syringe piston activated a microswitch mounted on the stop bar. In most cases, each individual experiment consisted of 10 scans taken at 15 s intervals and averaged.
Measurements were made from print-outs of the averaged traces.
Materials
Fura (Fig. I b) . The initial fast rise occurred without measurable delay and was followed by a further rise, delayed by [2, 8, 11] .
Figs. 1(e) and 1(f) show that ADP evoked Mn2+ entry without measurable delay at both 37°C and 17 'C. Mn2+ entry was clearly biphasic at the lower temperature (Fig.  If) . The delayed phase of Mn2+ entry occurred at the same time after agonist addition as the release of Ca2+ from intracellular stores (Fig. 1d ). An important point is that both of these events were considerably later than the delayed phase of [Ca2+]i rise evoked by ADP in the presence of extracellular Ca2+ (Fig. lb and Table 1 ).
The finding that ADP evokes biphasic Mn2+ entry suggests that Ca2+ influx is similarly biphasic, since we assume that both ions enter the cell through common pathways [2, 11, 12] . The Vol. 265 %.
--. might somehow accumulate in the store without passing via the cytosol, and thus escape chelation by the cytosolic fura-2. The intra-store Mn2" might then be discharged into the cytosol by InsP3-operated channels in the store membrane.) Further evidence for a link between the discharge of the intracellular Ca2l stores and the generation of a delayed phase of influx was obtained from observations of the inhibitory effects of cyclic AMP on ADP-evoked responses. We have previously reported that, at 37°C, the elevation of platelet cyclic AMP by high concentrations of forskolin [13, 14] , in the presence of the phosphodiesterase inhibitor IBMX, can completely block ADP-evoked release of Ca2" from intracellular stores.
Under the same conditions, the fast rise in [Ca2+]i evoked in the presence of external Ca2l persists [1] . Fig. 2 shows the effects of forskolin (20 ,tM) in the presence of 10 /SM-IBMX at 17 'C. The elevation of cyclic AMP completely inhibited the release of the intracellular Ca2" stores (Fig.  2b) . The delayed phases of Ca2" or Mn2+ influx were similarly abolished, whereas the fast phases persisted (Figs. 2a and 2c) . These idea that the release of Ca2+ from the intracellular store is linked to the generation of the delayed phase of bivalent-cation entry.
Although the delayed phase of Mn2+ entry coincides with the release of Ca2+ from the intracellular stores when observed in the absence of external Ca2 , these events are considerably later in onset than the delayed phase of the rise in [Ca2+]i evoked by ADP in the presence of external Ca2+ (Fig. 1 and Table 1 ). There are at least three possible explanations of this phenomenon. Firstly, there could be an additional route for Ca2+ entry through channels in the plasma membrane which are poorly permeable to Mn2t. The opening of such channels might be mediated by a second messenger, and hence show a lag [2] . Secondly, the absence of external Ca2" might artifactually delay the release of Ca2t from the intracellular stores and so the opening ofa store-regulated entry pathway, either by interfering with agonist-receptor binding or by affecting some subsequent stage of the transduction process. Thirdly, the release of Ca2" from the intracellular stores might be modulated by [Ca2+]i, such that release occurs at an earlier time if [Ca2+]i is already elevated by the fast phase of ADP-evoked Ca2" influx. In an attempt to differentiate between these hypotheses, cells were stimulated by ADP at 17 "C in the presence of 50 /tM-Mn2`with or without 1 mM-Ca2 . Fig. 3 shows that in the presence of 1 mM-Ca2t the delayed phase of Mn2t entry occurred at a much earlier time than in the absence of added Ca2t (Fig. lf) and that this coincided with the delayed phase of the ADP-evoked rise in [Ca2t]1 observed in the presence of 1 mM Ca2t alone ( Fig. 3 and Table 2 ). In the same cell preparations, the delayed phase of Mn2' quench in the absence of added Ca2t coincided with the release of Ca2t from the intracellular stores ( Fig. 4b; Table 3 ). SK&F 96365 (20 mM) did not measurably affect the ADPevoked response in the absence of external Ca2t (Fig. 4b) . Table 3 ). In the presence of SK&F 96365, the fast phase of Mn2+ quench was abolished and the delayed phase occurred at a later time than in controls (Fig. 4c) . The persistent phase of Mn2t quench coincided with the delayed rise in [Ca2t] , observed in the presence of extracellular Ca2l and the compound (Fig.  4a) , and also with the response observed in the absence of added Ca2l (Fig. 4b and Table 3 ). These results suggest that the greater interval before the onset of the delayed phase of ADP-evoked bivalent-cation influx, and so, presumably, release of Ca2l from intracellular stores, is the result of the absence of the early rise in Alternatively, the elevation in [Ca2t], might accelerate the production ofIns(1,3,4,5)P4, which has been proposed to regulate the passage of Ca2l between Ins(1,4,5)P3-sensitive and -insensitive regions of the intracellular Ca2" store and also between the store and the extracellular space [16] . The results obtained with SK&F 96365 also indicate that the pathways for bivalent-cation entry evoked by ADP are distinct, since the initial phase of influx is blocked by the compound at concentrations which leave the second phase intact. (Interestingly, in cuvette experiments, this concentration of SK&F 96365 blocks about half of the measured Mn2t quench [16] 
